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Group I strains of Clostridium botulinum are known to degrade arginine by the arginine deiminase pathway.
We have found that C. botulinum Okra B consumed a level of arginine (20 g/liter) higher than the basal
requirement for growth (3 g/liter). Arginine was probably the preferred source of nitrogen for biosynthesis but
did not serve as a major source of energy. Citrulline and proline were produced as major fermentation products
in media containing high levels of arginine, but in media with basal amounts of arginine these products were
produced in lower quantities during growth and were later reassimilated. The results indicate that C. botulinum
Okra B changes its metabolism during consumption of surplus arginine, and this change is associated with toxin
repression, formation of citrulline and proline as end products, and possibly resistance to environmental
stresses such as increased acidity and osmolarity.

Early studies of the nutrition of Clostridium botulinum
demonstrated a requirement for arginine in proteolytic
strains that produce type A or B neurotoxin (8, 12, 19). C.
botulinum and the closely related organism Clostridium
sporogenes degrade arginine by the arginine deiminase
(ADI) pathway to citrulline which is further converted to
ornithine and proline (1, 5, 15) and probably to glutamate (1,
4). C. botulinum and C. sporogenes appear to differ slightly
in metabolism of arginine (8, 22, 24). In C. sporogenes,
arginine can support growth in the absence of sugar (24). C.
botulinum also prefers arginine in a mixture of nutrients (23),
but substantial growth requires glucose or another sugar as a
source of energy.
During the study of regulation of neurotoxin formation in

C. botulinum by arginine (17, 18), we observed that the Okra
B strain consumed quantities of arginine well in excess of the
growth requirement. Degradation of high levels of arginine
was of particular interest since arginine is probably the
limiting organic nutrient for growth of group I C. botulinum
in many foods and media (23) and because protease and
neurotoxin production are repressed by high levels of argi-
nine (17, 18). Because basic end products and proline are
formed during arginine fermentation, catabolism of high
levels of arginine could provide protection against environ-
mental stresses, including increased acidity (3, 21) and
osmolarity (6, 14). In this study, we studied the digestion of
surplus levels of arginine by C. botulinum Okra B.
To study arginine metabolism, Okra B was grown in a

chemically defined minimal medium (MI) as previously
described (17, 18, 23). MI contains a basal level of arginine (3
g/liter) that supports growth measured atA660 to -1 (1.08 mg
[dry cell weight] per ml) (23). This basal requirement of 3
g/liter is more than the expected level needed for protein
biosynthesis (-100 mg/liter), suggesting that arginine is used
as a primary source of energy, carbon, or nitrogen. Addi-
tional experiments showed that C. botulinum Okra B di-
gested 20 g of arginine per liter (17), which is 6-fold higher
than the basal requirement and nearly 200-fold the expected
level required for biosynthesis. We investigated catabolism
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of arginine provided at the basal requirement (3 g/liter) and at
a high level (20 g/liter).

C. botulinum Okra B had similar patterns of growth in MI
containing either a basal (3 g/liter) or high (20 g/liter) level of
arginine (Fig. 1A), but lysis was slightly delayed with the
high level of arginine as was observed earlier (2). Arginine
consumption differed between basal and high levels of
arginine (Fig. 1B). When supplied at 3 g/liter, nearly all the
arginine (2.9 g/liter) was consumed during exponential
growth (<24 h). When arginine was provided at 20 g/liter,
about 10 g/liter was used during exponential growth, and it
continued to be used until 19.2 g/liter was depleted by the
end of the stationary phase and the start of lysis (81 h).
Consumption of high levels of arginine suggested that

arginine may provide carbon and nitrogen for energy or
biosynthesis and possibly other functions. In media contain-
ing a high level of arginine, glucose consumption was de-
creased from 8.5 to 7.5 g/liter, indicating that arginine could
partially replace glucose and provide energy. Very little
growth occurred when glucose was omitted from MI or when
ornithine replaced arginine in the absence of glucose. These
results indicated that arginine may have provided relatively
small quantities of energy but that glucose was the major
source of energy. We tested whether cell extracts of C.
botulinum could use carbamoylphosphate as a phosphoryl
donor for glucose, as occurs in Streptococcus faecalis (16).
Phosphorylation to glucose 6-phosphate was detected with
ATP as a phosphoryl donor but not with carbamoylphos-
phate, acetylphosphate, or phosphoenolpyruvate (data not
shown). These results indicated that arginine was not di-
rectly involved in the phosphorylation of sugars in glycolysis
in C. botulinum Okra B.
We next determined whether the arginine consumed by

the cells was incorporated into cell mass and whether
products of arginine digestion were released into the me-
dium. Growth of C. botulinum in media containing 2 or 13
,uCi of L-[U-'4C]arginine (>300 mCi/mmol) and unlabeled
arginine at 3 or 20 g/liter showed that only a small percentage
of label (<20%) was incorporated into cell mass. The major-
ity of the label was released as unidentified extracellular
products. Various soluble nitrogenous catabolites of the ADI
pathway released into the medium were determined as
described previously (17, 18). As observed earlier (18),
ammonia liberation from arginine was negligible. However,
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FIG. 1. Growth and lysis (A) and arginine utilization (B) by C. botulinum in media containing a basal (3 g/liter [0]) or high (20 g/liter [-])

level of arginine. Media contained 1% glucose.

substantial quantities of citrulline and proline were detected
as extracellular products during the growth cycle. In MI
containing a basal level of arginine, about 1 g of citrulline per
liter was released from the cells early in growth and was
reassimilated during continued exponential growth (Fig.
2A). In MI containing 20 g of arginine per liter, about 5 g of
citrulline per liter was released in the exponential phase (Fig.
2B), but it was not reassimilated by the cells. Arginine was
depleted from the medium at the same time that citrulline
reached its maximum level. Small quantities of ornithine
were also released extracellularly (0.18 and 1.6 g/liter in
basal and high levels of arginine, respectively), which was
completely scavenged by 50 h in basal and high levels of
arginine (data not shown).

Different patterns of proline formation and uptake were
observed with basal and high levels of arginine. With the
basal level of arginine, 0.7 g of proline per liter (equal to that

derived from 1.05 g of arginine) was released extracellularly
by the end of arginine depletion and was later assimilated
(Fig. 3A). 5-Aminovalerate (0.78 g/liter) formed by reduction
of proline was detected in the culture fluid from stationary-
phase cells. With the high level of arginine, 6.9 g of proline
per liter (equal to that derived from 10.5 g of arginine per
liter) was detected in growth and stationary phases (Fig. 3B),
but the proline was not later assimilated. Most of the proline
was released after arginine depletion from the medium, and
only 0.30 g of 5-aminovalerate per liter was detected in the
cultures with 20 g of arginine per liter.
The results of this study indicate that C. botulinum prefers

arginine over ammonia or other amino acids as a source of
nitrogen for biosynthesis. Arginine metabolism in C. botuli-
num appears unusual compared with that in other organisms
that possess the ADI pathway. Arginine does not appear to
be a major source of energy in C. botulinum Okra B. C.
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FIG. 2. Utilization of arginine (0) and formation and reassimilation of citrulline (-) by C. botulinum in a basal (3 g/liter [A]) or high (20
g/liter [B]) level of arginine.
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FIG. 3. Utilization of arginine (0) and formation and reassimilation of proline (@) by C. botulinum in a basal (3 g/liter [A]) or high (20 g/liter

[B]) level of arginine.

botulinum produces extracellular citrulline and proline when
arginine is available in the medium but reassimilates these
products when arginine is depleted. Many bacteria with the
ADI pathway excrete 1 mol of ornithine per mol of arginine
metabolized (7, 10, 20), although mutants that excrete citrul-
line instead of ornithine have been characterized (9, 25). In
lactococci, arginine metabolism by the ADI pathway is
directly linked to membrane transport by the antiport of
arginine and ornithine (10, 13). It appears that in C. botuli-
num arginine uptake may be coupled to antiport of citrulline.
During this exchange the cells may also accomplish the
extrusion of protons or sodium ions (11, 13). This general
utility of arginine in membrane processes could explain the
property of the pathogen to consume much higher levels of
arginine than are required for growth.
We showed earlier that growth and toxin formation are

controlled by arginine (17, 18, 23). In the present study, we
have found that during metabolism of surplus arginine, C.
botulinum Okra B accumulates basic end products such
citrulline and proline, which could help protect the organism
from environmental stresses, including acidity and osmolar-
ity. Our results support the hypothesis that the level of
arginine in foods or in the human intestinal tract is critical for
growth, survival, and toxin formation by C. botulinum.
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